Here we show through genetic, pharmacological, and live-cell imaging approaches that nhx5 31 nhx6 double knockouts have defects in Golgi and TGN/EE motility, protein recycling at the 32 TGN/EE, but not the secretion of transmembrane proteins. Furthermore, we report that NHX5 33 and NHX6 are required for a novel mechanism of osmotic swelling of late endosomes induced 34 by treatment with the phosphatidylinositol 3/4-kinase inhibitor wortmannin. This wortmannin 35 swelling-insensitive phenotype appears linked to the insensitivity of nhx5 nhx6 TGN/EE to 36 swelling induced with the monovalent cation ionophore monensin, and suggests that NHX5 37 and NHX6 are required for maintaining endosomal cation homeostasis. Lastly, we report that 38 the distal region of the cytosolic tail of NHX6 is required for mediating NHX6 localisation to 39 late endosomes, but does not appear to be essential for NHX6 function. 40
Introduction

41
The endomembrane system of eukaryotic cells is composed of a complex series of 42 interconnected compartments which function in the synthesis, sorting, transport and 43 degradation of proteins. Regulation of pH homeostasis in endomembrane organelles is critical 44 for functional protein sorting, trafficking and modification (Casey et al., 2010) . In plants, 45 vacuolar type H + -ATPases (V-ATPases) on the TGN/EE and tonoplast pump H + ions into the 46 lumen to generate proton gradients and drive luminal acidification (Schumacher, 2014) . wild type root cells expressing the Rab5-like GTPase YFP-ARA7 (RABF2b) as a LE/MVB 158 marker, wortmannin induced enlarged ring-like structures (Fig 4A) . These wortmannin bodies 159 were associated, but not completely fused with TGN/EE labelled with the SNARE VTI12 (Fig  160   S4 ). While similar number of wortmannin bodies were present in nhx5 nhx6 root cells 161 compared to wild type, they were significantly smaller and denser, and did not exhibit the 162 characteristic ring-like shape ( Fig. 4A-B ). To test if these wortmannin induced fusion defects 163
were dependent on pH regulation by the antiporter activity of NHX6, we generated an 164 antiporter inactive NHX6 by mutating the highly conserved acidic Asp194 residue which is 165 critical for Na + NHX6D194N-EGFP could not rescue the wortmannin induced LE/MVB swelling insensitivity in 170 nhx5 nhx6 (Fig. 4A-B) . 171
To determine if the wortmannin induced bodies in nhx5 nhx6 were structurally similar to those 172 in wild type, we exploited the fact that reducing the confocal pinhole size increases resolution 173 in x, y and z dimensions. Using a reduced pinhole, we resolved the structure of wortmannin 174 bodies using nhx5 nhx6 root cap cells and identified ring-like structures similar to wild type 175 (Fig. 4C) . Moreover, since wortmannin inhibits both PI3K and PI4K at high concentrations, we 176 also assessed whether nhx5 nhx6 swelling insensitivity was present during PI3K specific 177 inhibition. Specifically targeting PI3K pathways by using the inhibitor LY294002 or with low also caused similar fusion of MVBs into smaller, more densely labelled bodies in nhx5 nhx6 180 cells (Fig. 4D ). This suggests that swelling is induced by inhibition of PI(3)P on the LE/MVB 181 (Fig 4E) (Fig 5B) . We also assessed the pH of TGN/EE of nhx5 nhx6 root cells and 214 found a ~0.5 pH reduction (acidification) of TGN/EE (Fig 5C) , similar to previous reports in8 proton gradient for monensin to act upon. We therefore assessed the response to monensin 219 using established Golgi and TGN/EE markers in nhx5 nhx6. We could not detect any 220 significant swelling of Golgi in either wild type or nhx5 nhx6 monensin treated root cells, likely 221 as the trans Golgi stack only swells slightly (Fig. 5D) (Zhang et al., 1993) . TGN/EE in 222 monensin treated roots showed clear clustering and swelling in wild type, however in nhx5had reduced capacity to swell (Fig. 5D) . Furthermore, similar results were obtained using 225 NHX6D194N-EGFP as a marker for NHX6 activity in wild type and nhx5 nhx6 (Fig. 5D) has, and whether the cytosolic tail mediates other functions. To investigate this, we generated 233 a partial tail truncation of NHX6 lacking a short 28 amino acid region of the C-terminus fused 234 to YFP (Fig. 6A) , as a previous truncation lacking the entire C-terminal tail did not show stable 235 expression (Ashnest et al., 2015) . This NHX61-507-YFP construct completely complemented 236 the dwarf phenotype of nhx5 nhx6 plants (Fig. 6B) , suggesting that this distal region of tail was 237 not essential for NHX6 antiporter activity. 238
We inferred the localisation of this tail truncated, but antiporter active protein through 239 pharmacological inhibitor experiments. NHX61-507-YFP was BFA sensitive, localising to core 240 and peripheral BFA compartments, correspond to the TGN/EE and Golgi respectively (Fig 6C)  241 (Naramoto et al., 2014; Richter et al., 2007) , similar to full length NHX6 (Fig. S5) . Moreover, 242 NHX61-507-YFP was able to restore monensin insensitivity of nhx5 nhx6, confirming antiporter 243 function at the TGN/EE. However, in response to inhibition of late endosomal trafficking by 244 wortmannin, NHX61-507-YFP was only partially associated with wortmannin bodies unlike the 245 full length NHX6 ( Fig. 6E-F) , a response typical of slow fusion of TGN/EE markers with the 246 wortmannin body (Fig. S4) , and suggested NHX61-507-YFP may be absent from the MVB. 247 Surprisingly, in these wortmannin treated seedlings, the enlarged wortmannin bodies were 248 morphologically similar to wild type, indicating NHX61-507-YFP can also restore the wortmannin 249 induced swelling insensitivity in nhx5 nhx6 ( 
Construct Generation 398
For all cloning procedures, the Gateway recombination system (Thermo-Fisher) was used. 399 NHX61-507-YFP was generated by amplifying amino acids 1-507 of NHX6 from a cloned NHX6 400 ORF plasmid template using NHX6FS and NHX6 507R primers with iProof polymerase. This Only similarly sized cells (~900 -1200 μm 2 ) were selected for analysis to minimise variation 461 in particle speeds due to cell size. Cytoplasmic streaming was observed to verify cell viability. 462
Image drift was corrected using the ImageJ plugin StackReg. Postprocessing and analysis 463 was performed in IMARIS software v7.0 (Bitplane). Particle tracking was performed using the 464 'spots' feature with the autoregressive motion algorithm, with a max distance parameter of 10 465 pixels, and a gap parameter of 0. Particle tracks less than 10 seconds long were filtered and 466 excluded from analysis. Tracks were verified manually, and misaligned tracks were realigned. 467
Mean track speed and track straightness was calculated in IMARIS from pooled particle tracks 468 from ≥ 5 individual seedlings. Kymographs were created in ImageJ using the 469 MultipleKymograph plugins (http://www.embl.de/eamnet/html/body_kymograph.html). 470
Vacuolar morphology 471
For vacuolar morphology analysis 7 day old seedlings expressing YFP-VAMP711 or RFP-472 VAMP711 were imaged on a Zeiss spinning disk confocal microscope using a 63x oil 
